Many factors such as genetic variation and chromatin accessibility modulate the transcriptional profiles of genes across tissues. We analyzed gene transcript and chromatin accessibility levels from liver, lung, and kidney tissues for 47 strains of the Collaborative Cross (CC) mouse population to characterize expression and chromatin state dynamics across tissues, with particular attention paid to their genetic regulation through the identification of expression quantitative trait loci (eQTL) and chromatin QTL (cQTL). We detected 1,101 genes and 133 chromatin regions that possessed QTL with correlated allele effects across multiple tissues. Tissue-specific QTL were also detected genes and chromatin, including Pik3c2g with distinct local-eQTL observed in all three tissues. Leveraging the overlapping measurement of gene expression and chromatin accessibility on the same mice from multiple tissues, we used mediation analysis to identify chromatin and gene expression intermediates of eQTL effects. Based on QTL and mediation analyses over multiple tissues, we propose a causal model for the distal genetic regulation of Akr1e1, a gene involved in glycogen metabolism, through a zinc finger protein and chromatin intermediates. This analysis demonstrates the complexity of transcriptional and chromatin dynamics and their regulation over multiple tissues, as well as the value of the CC and related genetic resource populations for identifying specific regulatory mechanisms in biological data.
Read counts for each sample were converted to counts per million (CPM) and normalized using TMM normalization (edgeR). Windows with > 70 % of samples with CPM  1 were removed. Differentially expressed genes and accessible chromatin windows were determined using limma (Ritchie et al. 2015 ) with the linear model:
where y i is the TMM-normalized CPM value in tissue i (lung, chromatin regions were re-evaluated for significance using the
168
Simes p-values.
169
Gene set association analysis 170 GSAASeqSP (Xiong et al. 2014 ) with Reactome Pathway Database annotations (July 24, 2015 release) was used to identify biological pathways enriched with differentially expressed genes or accessible chromatin. A list of assayed genes were provided as input to GSAASeqSP along with a weight for each gene g, calculated as:
where sign(fc g ) is the sign of the expression fold change, and 
where RSS = Â n i=1 (y i b y i ) 2 is the residual sum of squares for the alternative (Eq 3) and null models, and n = 47. For comparison, we also calculated a conservative, constrained estimate of QTL effect size, estimated from the QTL model with QTL parameters constrained as random effects:
QTL with effect sizes that are particularly reduced by the ran-264 dom effects model are more likely to be the result of extreme 265 data points or imbalanced founder contributions at the locus. The mediation relationships are evaluated in a genome-wide scan, allowing for the detection of FWER-corrected significant mediators that satisfy relationships 8, 9, and 10. Similar to the QTL mapping genome scan described in Eq 3 and Eq 7, the mediation scan involves a comparison of an alternative and a null model at loci across the genome. The alternative model is
which is compared to the null model: association. In liver, the B6 allele resulted in lower expression.
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The B6 founder does not have a unique subspecies lineage at the 582 locus, but instead possesses a recombination event between dom 583 and mus, potentially disrupting the local regulation specific to 584 each subspecies lineage and explaining the reduced expression.
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Figure 4
Examples of genes with local-eQTL observed in all three tissues. Cox7c and Ubc possess local-eQTL with highly correlated founder alllele effects across all three tissues, supportive of shared causal origin (A). Slc44a3 has a more complicated pattern of localeQTL founder effects across the tissues, with correlated effects shared between lung and kidney, and transgressive effects in the liver eQTL by comparison, consistent with distinct casual variants comparing liver to lung and kidney. (B). For each gene, the expression data is plotted with boxplots based on most likely founder haplotype pair (diplotype), and differential expression between tissues is highlighted. The haplotype association for each tissue is also included near the gene TSS with variant association overlaid. The most statistically rigorous method to detect the QTL is also included. The black tick represents the gene TSS and the colored ticks represent haplotype and variant peaks. Founder effects estimated as constrained BLUPs are also included with their pairwise correlations. Estimated effects were generally consistent with the expression data.
analysis to elucidate the relationships between genotype, chro-626 matin accessibility, and gene expressions. We assessed evidence
627
for two mediation models of eQTL effects (Figure 2) . First, we and chromosome-wide; see Appendix C for greater detail).
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Across the three tissues, we found from 13-42 local-634 eQTL showed evidence of mediation through proximal chro-635 matin accessibility at genome-wide significance, and 35-106 at 636 chromosome-wide significance ( Table S6 ). The coiled-coil do- (eQTL) and a proximal chromatin accessibility window (cQTL).
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A large drop in eQTL significance at the location of the cQTL 
Figure 5
Pik3c2g possesses tissue-specific local-eQTL. Local-eQTL for Pik3c2g are detected in all three tissues in the 3Mb region surrounding its TSS. The genomes of the CC founders can be simplified in terms of contributions from three subspecies lineages of M. musculus: dom (blue), cast (green), and mus (red). The effects of each local-eQTL matched the subspecies contributions near the eQTL coordinates, with low subspecies alleles colored teal and high alleles colored salmon, consistent with local-eQTL for Pik3c2g being distinct and tissue-specific. The gene expression data is represented as boxplots, categorized based on most likely diplotype at the eQTL for each CC strain. Haplotype and variants associations are included for each tissue, with the black tick representing the Pik3c2g TSS and colored ticks representing haplotype and variant peaks. The most rigorous procedure to detect each QTL is reported. Founder effects, estimated as constrained BLUPs, were consistent with the expression data, and uncorrelated across the tissues.
region shows that the significance of the eQTL and cQTL are 
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Chr 2  4  6  8  10  12  14  16  18  X  1  3  5  7  9  11  13  15  17 19  1  3  5  7  9  11  13  15  17 19  2  4  6  8  10  12  14  16  18  X  1  3  5  7  9  11  13  15  17 19  2  4  6  8  10  12  14  16 Chr 1 (Mb)   1  3  5  7  9  11  13  15  17 19  2  4  6  8  10  12  14  16  18  X  1  3  5  7  9  11  13  15  17 19  2  4  6  8  10  12  14  16 Examples of genes with distal-eQTL effect patterns across tissues. Akr1e1 has highly significant distal-eQTL detected on chromosome 4 in all three tissues with correlated founder effects (A). Per2 has intra-chromosomal distal-eQTL leniently detected 100Mb away from the TSS, also with highly correlated founder effects across the tissue, providing further support that the distal-eQTL are real (B). Rnf13 has a liver-specific distal-eQTL on chromosome 13 detected after conditioning on its local-eQTL on chromosome 2, and a lungspecific distal-eQTL on chromosome X, each with distinct founder effect patterns (C). Expression data are represented as boxplots for most likely diplotype, with differential expression noted when significant. Haplotype associations for each tissue distal-eQTL combination are shown, with the most rigorous statistical procedure for detection reported. Red ticks signify the gene TSS and black ticks represent that eQTL peak. Fit founder effects, estimated as BLUPs, are included, along with the pairwise correlations of the eQTL. The black asterisk marks the high B6 effect that drives the distal-eQTL in liver after conditioning on the local-eQTL for Rnf13. 
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10 P −log 10 P Ccdc137 local-eQTL Zfp985 is a strong candidate for driving these effects on Akr1e1. 
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The relative magnitudes of the QTL effect sizes and mediation The genetic regulation of Akr1e1 expression is reconstructed based on relationships observed across the three tissues. Distal-eQTL are detected in all tissues at similar levels of significance. A local-eQTL for Zfp985 that is proximal to the Akr1e1 distal-eQTL was observed in lung, and Zfp985 expression is detected as anti-correlated mediator of the distal-eQTL, consistent with Zfp985 suppressing Akr1e1 expression. The chromatin site proximal to the Akr1e1 TSS has a distal-cQTL detected in kidney. The chromatin accessibility at the site was found to be a significant correlated mediator of Akr1e1 expression. Combining associations across tissues supports a biological model whereby Zfp985, expressed in mice with NOD, NZO, PWK, and WSB alleles, inhibits the proximal chromatin accessibility at the Akr1e1 TSS. QTL and mediation genome scans are included, along with sequence phenotypes as boxplots categorized according to most likely diplotype, and modeled founder effects fit as BLUPs. The relative magnitudes of the QTL effect sizes (estimated from Eq 4) and mediation significance are consistent with the proposed model, with Zfp985 local-eQTL > chromatin distal-eQTL > Akr1e1 distal-eQTL and chromatin mediation > mediation through Zfp985 expression. We used two estimates of effect size, one based on a fixed effect local-eQTL for the gene Pik3c2g (Figure 5 ).
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However, examples like the gene Per2 (Figure 6B) 
